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ABSTRACT
Models of planet formation and evolution predict that giant planets form efficiently in protoplanetary
disks, that most of these migrate rapidly to the disk’s inner edge, and that, if the arriving planet’s
mass is . Jupiter’s mass, it could remain stranded near that radius. We argue that such planets
would be ingested by tidal interaction with the host star on a timescale . 1Gyr, and that, in the
case of a solar-type host, this would cause the stellar spin to approach the direction of the ingested
planet’s orbital axis even if the two were initially highly misaligned. Primordially misaligned stars
whose effective temperatures are & 6250K cannot be realigned in this way because, in contrast with
solar-type hosts, their angular momenta are typically higher than the orbital angular momentum of
the ingested planet as a result of inefficient magnetic braking and of a comparatively large moment of
inertia. Hot Jupiters located farther out from the star can contribute to this process, but their effect
is weaker because the tidal interaction strength decreases rapidly with increasing semimajor axis. We
demonstrate that, if ∼ 50% of planetary systems harbored a stranded hot Jupiter, this scenario can
in principle account for (1) the good alignment exhibited by planets around cool stars irrespective of
the planet’s mass or orbital period, (2) the prevalence of misaligned planets around hot stars, (3) the
apparent upper bound on the mass of hot Jupiters on retrograde orbits, and (4) the inverse correlation
between stellar spin periods and hot-Jupiter masses.
Subject headings: planets and satellites: dynamical evolution and stability — planet-star interactions
— protoplanetary disks — stars: rotation
1. INTRODUCTION
One of the puzzling findings in the study of exoplan-
ets has been the difference in the properties of planets
orbiting cool and hot stars. In particular, using mea-
surements of the Rossiter–McLaughlin effect, it has been
inferred that the apparent obliquity λ (the angle be-
tween the stellar spin and planet’s orbital angular mo-
mentum vectors as projected on the sky) is typically
small (λ < 20◦) for cool stars, but that stars of effec-
tive temperature Teff & 6250K exhibit a broad range of
apparent obliquities, reaching all the way up to λ ∼ 180◦
(e.g., Winn et al. 2010; Albrecht et al. 2012). It was fur-
ther found that the masses Mp of planets on apparent
retrograde orbits (λ > 90◦) are < 3MJ (where MJ is
Jupiter’s mass; He´brard et al. 2011), and that the stellar
rotation periods P∗ of cool stars that host a hot Jupiter
(HJ) decrease with increasing Mp (Dawson 2014).
Several models have been advanced to explain the
obliquity dichotomy, but so far none can account for all
the relevant observations. Interpretations based solely
on differences in the stellar properties (e.g., Rogers et al.
2012) cannot address the inferred dependence of the
obliquity on Mp and the detection of highly misaligned
planets around cool stars. In view of the fact that Teff ≈
6250 K corresponds to the temperature above which the
size of the outer convective zone of a main-sequence (MS)
F star shrinks rapidly, it was suggested that close-in plan-
ets in both cool and hot stars are initially distributed
over the entire angular range (0− 180 degrees), but that
only in cool stars where a substantial convective enve-
lope is present can a sufficiently massive close-in planet
(Mp & 1MJ) realign the star through tidal interaction
(e.g., Winn et al. 2010; Albrecht et al. 2012). The host
stars are also subject to magnetic braking, which declines
strongly above the same transition temperature (corre-
sponding to the break in the Kraft curve; Kraft 1967),
and it was argued (Dawson 2014) that this, rather than
the tidal dissipation efficiency, is the main factor under-
lying the difference in obliquity properties between cool
and hot stars. Both variants of this scenario, however,
face the conundrum that an HJ undergoing equilibrium
tidal interaction with its host star would spiral in and be
ingested on a timescale that is comparable to the realign-
ment time. A possible way out of this difficulty is to ap-
peal to the {10} component of the dynamical tide, which
could in principle significantly reduce the alignment time
without affecting the ingestion time (Lai 2012).1 How-
ever, even though this model can be used to account for
individual systems (Valsecchi & Rasio 2014), it remains
unclear whether it can explain the overall λ distribution
of HJs and the manifested difference between cool and
hot stars (Rogers & Lin 2013; Xue et al. 2014). Further-
more, even the basic tidal interaction interpretation of
the obliquity dichotomy has now been called into ques-
tion by the results of Mazeh et al. (2015), who analyzed
the rotational photometric modulations of a large sam-
ple of Kepler sources and inferred that (1) the conclusion
that planets around cool stars are well aligned, and those
around hot stars are not, is general and not restricted just
to HJs; and (2) the low obliquity of planets around cool
stars extends to orbital periods Porb that are a factor of
∼ 10 larger than the maximum value (< 4 days) for ro-
bust tidal interaction between an HJ and a & 1Gyr-old
1 An alternative possibility, that only the outer convective layer
(Winn et al. 2010) — or even just a part of it (Dawson 2014) —
partakes in the realignment process, is hard to justify on either
theoretical or observational grounds.
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G or F star.
In this Letter we propose to address these apparent
difficulties and account for many of the observed differ-
ences between the properties of planets in cool and hot
stars by postulating that, in addition to the tidal inter-
action with existing close-in planets, a large fraction of
the stellar hosts — both cool and hot — ingest a hot
Jupiter early on in their evolution. This proposal is mo-
tivated by the expectation that a large fraction (up to
80% according to Trilling et al. 2002) of solar-type stars
possess giant planets during their pre-MS phase, and that
a large fraction of the giant planets that form in a pro-
toplanetary disk on scales . 5 AU migrate close to their
host star before the disk is dispersed (e.g., Ida & Lin
2004). Numerical simulations incorporating an N-body
code and a 1D α-viscosity disk model (Thommes et al.
2008) demonstrated that this behavior can be expected
for disks with α . 0.01 that are sufficiently massive. The
inward planet migration is likely stopped by the strong
(& 1 kG) protostellar magnetic field that truncates the
disk at a radius (rin) of a few stellar radii (e.g., Lin et al.
1996). Gravitational interaction with the disk causes a
planet reaching rin to penetrate into the magnetospheric
cavity and, if it is massive enough, to undergo eccentric-
ity excitation that can rapidly lead to a collision with
the star (e.g., Rice et al. 2008). It was, however, inferred
that ifMp is sufficiently small (. 1MJ), the planet would
remain stranded at a distance where its orbital period is
∼ 0.5 of that at rin until well after the gas disk disap-
pears (on a timescale of ∼ 106−107 yr). In our proposed
scenario, the primordial disk orientations span a broad
angular range that is reflected in the orbital orientations
of the stranded planets. When the latter are ingested
by tidal interaction with the host star (on a timescale
< 1Gyr), the absorbed angular momentum is sufficient
to align a solar-mass star in that general direction, but
not an MS star with Teff & 6250 K. This is because cool
stars have significantly lower angular momenta at the
time of ingestion than hot stars as a result of a more effi-
cient magnetic braking process and of a lower moment of
inertia. Given the proximity of the stranded HJs (SHJs)
to their host stars (Porb,SHJ . 2 days), they can be ex-
pected to have been ingested by the time their parent
planetary systems are observed; however, giant planets
farther out can continue to interact with their host stars
and potentially affect their measured obliquities. In our
simplified formulation, we model the SHJs using as pa-
rameters their characteristic massMSHJ and the fraction
p of systems that initially harbored an SHJ. By compar-
ing the predictions of this model with the observational
data, we infer MSHJ . 1MJ and p ∼ 0.5.
The potential effect of tidally induced ingestion of HJs
on the observed properties of planetary systems has been
recognized before. In particular, Jackson et al. (2009)
suggested that this process could account for the ob-
served orbital distribution of close-in planets, whereas
Teitler & Ko¨nigl (2014) proposed that the spinup in-
duced by the deposition of a swallowed planet’s orbital
angular momentum in the host’s envelope can explain the
observed dearth of close-in planets around fast-rotating
stars. The current proposal further extends this scenario
by incorporating not only the distribution of observed
planets but also a putative population of HJs that were
ingested after being stranded near the inner edges of their
associated protoplanetary disks.
2. MODELING APPROACH
Using Monte Carlo simulations, we follow the temporal
evolution of the stellar and orbital angular momenta of
106 systems in the context of an equilibrium-tide model.
The Cartesian coordinate frame (x, y, z) is chosen so
that the orbital angular momentum (L) always points
along the z axis and the stellar one (S) always lies in
the y-z plane. We assume circular orbits and neglect the
precession of L and S around the total angular momen-
tum vector.2 The set of equations employed to model
the tidal interaction between a star (subscript ∗) and a
planet (subscript p) is:
dL
dt
= +
L
2τd
Ω∗x
Ωorb
xˆ+
L
2τd
Ω∗y
Ωorb
yˆ−
L
τd
(
1−
Ω∗z
Ωorb
)
zˆ , (1)
dS
dt
= −
L
2τd
Ω∗x
Ωorb
xˆ−
L
2τd
Ω∗y
Ωorb
yˆ+
L
τd
(
1−
Ω∗z
Ωorb
)
zˆ−T ,
(2)
where Ωorb = Ωorb zˆ and Ω∗ are the orbital and stel-
lar angular velocities, respectively (related to the orbital
and stellar rotation periods through Porb = 2pi/Ωorb and
P∗ = 2pi/Ω∗), T = T Sˆ is the magnetic braking torque,
and τd is the nominal tidal damping time, which, neglect-
ing dissipation inside the planet, is given by
τd =
4Q′
∗
9
(
a
R∗
)5
M∗
Mp
1
Ωorb
. (3)
In Equation (3), Q′
∗
is the tidal quality factor (taken
to be a constant, for simplicity), a is the semimajor
axis, whereas R and M denote an object’s radius and
mass, respectively. We model the star as a uniformly
rotating body (S = I∗Ω∗) with a moment of inertia
I∗ ≈ 0.06M∗R
2
∗
, and adopt for T the expression pre-
sented by Matt et al. (2015), which covers both the sat-
urated and the unsaturated regimes and incorporates as a
key variable the convective turnover timescale as a func-
tion of Teff (3300 ≤ Teff ≤ 7000; Cranmer & Saar 2011).
The nominal magnetic braking time is τmb = |S/T |.
The equations are solved in a two-step process: we first
integrate for a small ∆t employing a 4th-order Runge-
Kutta method and then rotate the vectors so that the
updated L is along zˆ and the updated S lies in the y-z
plane. When considering a multiplanet system, we solve
the equations for the different planets in sequence at each
time step, neglecting possible interactions between them
and assuming that their orbits remain coplanar.
We consider two sets of models based on the type
of host star: G or F; see Table 1 for a listing of the
adopted parameters. For each stellar type, we evolve
5× 105 systems, in each case considering simultaneously
the SHJs (parametrized by MSHJ and p; see Section 1)
as well as 5 additional planets,3 for which we randomly
pick the orbital periods, planet radii, and system age ac-
cording to the procedure described in Teitler & Ko¨nigl
2 The associated torques act along the x axis and thus do not
affect either the orbital separation or the alignment.
3 Our results are not sensitive to the choice of the number of
additional planets because large, close-in planets — which, accord-
ing to Equation (3), exert the strongest tidal effect — are a rare
occurrence.
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TABLE 1
Model Parameters
Parameter Value (G / F) Distribution
Teff [K] 5500 / 6400
M∗ [M⊙] 1.0 / 1.3
R∗ [R⊙] 1.0 / 1.3
P∗ini [days] 5–10 / 2.5–5
a Uniform
Age [Gyr] 1–8 / 1–4b Fit to data
Number of planets 5
Porb [days] 0.5–50
c f(lnP ) ∝ P 0.54
Rp [R⊕] for Porb < 7 d 2–20
c f(lnRp) ∝ R
−1.09
p
Rp [R⊕] for Porb > 7 d 2–20
c f(lnRp) ∝ R
−2.31
p
Mp [M⊕] for Rp < 9R⊕ 4–81d (Rp/R⊕)2M⊕
Mp [M⊕] for Rp > 9R⊕ 56–5620d Fit to data
ψini [degrees] (random) 0–180 f(ψ) ∝ sin(ψ)
p (SHJ fraction) 0.5
MSHJ [MJ] 0.6
RSHJ [RJ] 1.0
Porb,SHJ [days] 2.0
References. — a Meibom et al. (2011); b Walkowicz & Basri
(2013); c Youdin (2011); d Weiss et al. (2013).
Note. — The subscript “ini” indicates an initial value.
(2014).4 As in that work, we adopt the approxima-
tion that the entire planetary orbital angular momen-
tum is added to S when the planet reaches the Roche
limit aR ≈ 1.5 (3M∗/Mp)
1/3Rp, and we neglect stellar
evolution effects (but see, e.g., Valsecchi et al. 2015 and
Valsecchi & Rasio 2014). The effective value of Q′
∗
and
its physical basis are still open questions (e.g., Ogilvie
2014). Note, however, that the apparent break at Porb &
3 days in the period distribution of planets around solar-
mass stars (e.g., Youdin 2011), if due to tidal interac-
tion, is consistent with Q′
∗
≈ 106 (e.g., Teitler & Ko¨nigl
2014). Using the data from exoplanets.org, we find
that F-star systems manifest a similar break at the same
location. We therefore adopt Q′
∗
∼ 106 for both our cool
and hot fiducial stars.
The initial spin–orbit angle ψini is taken to be random,
f(ψini) ∝ sin(ψini), which corresponds to a flat distribu-
tion for the projected angle λini (see Fabrycky & Winn
2009). Our choice of Porb,SHJ ≈ 2 days is motivated
by the characteristic period (∼ 7 days; Gallet & Bouvier
2013) of disk-accreting protostars, which can be inter-
preted in terms of the magnetic disk-locking model (e.g.,
Ko¨nigl 1991). In this picture, the disk truncation ra-
dius is located at rin ≈ 0.7 rco (with rco defined by
Ωorb(rco) = Ω∗) if the magnetic interaction is domi-
nated by the dipolar field component (Long et al. 2005).
The choice of Porb,SHJ then follows from the results of
Rice et al. (2008), who inferred that it is∼ 0.5Porb(rin).
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3. RESULTS
The results for the final configurations of the modeled
planetary systems are presented in identical formats in
4 In relating planet masses to planet radii, we generalized the
treatment in Teitler & Ko¨nigl (2014) by employing a power-law
relationship only for Rp < 9R⊕ and using an empirical fit to the
data for Rp > 9R⊕; see Table 1.
5 Using the numerical results of Long et al. (2005) and
the characteristic radius (∼ 2R⊙) and mass accretion rate (∼
10−8M⊙ yr−1) for classical T Tauri stars, we infer a stellar dipo-
lar field strength of ∼ 2.5 kG, which is consistent with observations
(e.g., Johns-Krull 2007).
TABLE 2
SHJ Ingestion
Parameter G star F star
Init. Roche Ingest. Init. Roche Ingest.
t [Gyr] 0.0 0.69 0.69 0.0 0.35 0.35
a [AU] 0.03 0.01 — 0.03 0.01 —
Porb [days] 2 0.5 — 2 0.5 —
P∗ [days] 7.5 12.9 5.0 3.8 4.5 4.2
τmb [Gyr] 0.21 0.61 0.09 1.96 2.83 2.46
|LSHJ/S| 1.59 1.71 — 0.43 0.33 —
ψ [degrees] 100 35 13 100 86 69
Figures 1 and 2 for our representative G and F stars,
respectively. The top three panels show the probabil-
ity distribution function of the projected spin–orbit an-
gle for the entire population (left) and separately for
its short-period (Porb < 5 days, middle) and long-period
(Porb > 5 days, right) components. These panels demon-
strate that our model can account for the basic trends un-
covered by the Mazeh et al. (2015) study — that planets
around cool stars are well aligned with their host’s spin
irrespective of the planet’s size or orbital period, but that
planets around hot stars are not. To quantify the degree
of alignment, we follow Mazeh et al. (2015) and evalu-
ate the ratio q ≡ 〈sin(i∗)〉 /(pi/4), where i∗ ∈ [0, pi/2]
is the angle between the stellar rotation axis and the
line of sight, the angle brackets denote an average over
the distribution, and the normalization is by the value
of 〈sin(i∗)〉 for a random orientation of S on the plane
of the sky. This ratio is therefore 1 when there is no
preferred spin–orbit orientation (as in our adopted ini-
tial condition), whereas it is q = 1/(pi/4) ≃ 1.273 when
S is normal to the line of sight (which, in the case of a
transiting planet, likely corresponds to λ ≈ 0). For our
G-host model we obtain q = 1.145, which corresponds
to having the ∼ 50% of systems that ingested an SHJ
attain good alignment even as the rest remain close to
their initial random orientations. For the F-host systems
we find q = 1.030, indicating that in this case the initial
random distribution is only slightly modified. We note
from Figure 1 of Mazeh et al. (2015) that, while the me-
dian value of q for stars with Teff . 5000K is consistent
with perfect alignment, this ratio decreases toward 1 in
the G-star range (Teff ∼ 5300 − 6000K) that we have
modeled.6
The bottom three panels of Figures 1 and 2 confront
our model predictions for HJs (defined here by Mp >
0.5MJ and Porb < 10 days) with the observational data
(as of June 2015) obtained from exoplanets.org, which
consist of NG = 36 entries for cool stars (Teff < 6250K)
and NF = 19 entries for hot ones (6250K < Teff <
7000K). The left panel shows the planet counts as a
function of λ, with the model predictions obtained by
selecting 1000 samples from our simulations, each con-
sisting of NG (Figure 1) or NF (Figure 2) systems, and
plotting the average counts per bin (bars) as well as the
range of ±1 standard deviation (shaded areas). It is seen
that the model is in excellent agreement with the data,
6 Mazeh et al. (2015) inferred q < 1 for their hot-star sample, a
value that cannot be explained in the context of our basic model.
Note in this connection that, as discussed by these authors, the
observational challenges that need to be overcome in deriving the
hot-star result are more severe than those encountered in the cool-
star case.
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with the only > 1σ deviation exhibited by the bin en-
compassing λ = 180◦.7
The key feature that enables our model to account for
the aforementioned observations is the ingestion, over
time intervals (tingest) that are shorter than the ages of
the observed systems, of SHJs with values of |LSHJ/S|
that are > 1 for G stars and < 1 for F stars (see Ta-
ble 2). The low obliquity attained by initially misaligned
G stars at tingest is due mainly to the efficient reduc-
tion of S through magnetic braking over the time in-
terval tingest; by contrast, τmb(t ≤ tingest) > tingest for
F stars. The strongest constraints on the parameters
of the postulated SHJ population are provided by the
observed λ distributions of HJs for the G- and F-star
systems. In particular, by comparing the number counts
of well-aligned HJs in solar-type stars (corresponding to
the first bin in the lower left panel of Figure 1) with those
in the λ > 20◦ bins, one infers p ∼ 0.5: the value of this
parameter can be expected to reflect both the forma-
tion rate and radial transport properties of HJs in pro-
toplanetary disks and the fraction of systems in which
disk truncation is either short-lived or inefficient (e.g.,
Herbst & Mundt 2005). The corresponding data for F
stars (lower left panel of Figure 2) in turn imply an upper
bound (∼ 1MJ) on MSHJ: If the SHJ mass were mea-
surably larger, there would be significantly more aligned
HJs detected in these systems. Interestingly, this upper
bound is consistent with the limit obtained in the SHJ
formation scenario studied by Rice et al. (2008). We em-
phasize that the qualitative results of our model are not
sensitive to the exact values of these (or any of the other)
parameters. Additional data would, however, be useful
for better constraining these values.
The host stars also interact tidally with HJs that are
still orbiting (and thus remain observable), which typi-
cally have Porb values of a few days. While the impact
of this interaction is not as pronounced as that of inges-
tion, it can still affect the observed properties of these
systems. This is illustrated in the middle and right bot-
tom panels of Figures 1 and 2, which display, respec-
tively, the dependence of λ and of the projected stellar
angular velocity on the HJ mass for a random selection
of 100 simulated systems. It was already recognized be-
fore that the tidal interaction scenario is consistent with
the apparent dearth of massive planets with either ret-
rograde orbits or high-P∗ hosts:
8 This follows from the
inverse dependence of τd (Equation (3)) on Mp, which
implies that more massive HJs should be more efficient
at realigning and spinning up their hosts. The displayed
results demonstrate that our model also broadly repro-
duces these trends quantitatively, for both G and F stars.
4. DISCUSSION
Our interpretation of the good alignment inferred for
long-period planets around cool stars (Mazeh et al. 2015)
relies on the orbital planes of the ingested SHJ and of
any remaining distant planet having roughly the same
orientation, which is consistent with the picture of gi-
ant planets forming in a nearly planar disk and mi-
grating to the vicinity of the host star. However, this
scenario is not consistent with interpretations of pri-
mordial misalignment in terms of either planet–planet
scattering (e.g., Beauge´ & Nesvorny´ 2012) or a Kozai-
Lidov–type interaction with a misaligned companion
(e.g., Fabrycky & Tremaine 2007), as these mechanisms
typically result in different orientations for the orbit
of an HJ and those of more distant planets. There
have already been several proposals in the literature for
forming protoplanetary disks that are misaligned with
the protostellar spin axis, including a warping torque
exerted by the stellar magnetic field (Lai et al. 2011);
a gravitational torque exerted by a misaligned com-
panion (Batygin 2012), possibly amplified by a reso-
nance between the disk-torquing frequency and the (disk-
driven) stellar precession frequency (Batygin & Adams
2013); a combination of the above two torques (Lai 2014;
Spalding & Batygin 2014); and accretion from a turbu-
lent interstellar medium (Bate et al. 2010; Fielding et al.
2015). However, these models have not yet been
fully evaluated in light of the observed λ distribution
of transiting planets (e.g., Crida & Batygin 2014) and
other observational constraints (e.g., Watson et al. 2011;
Greaves et al. 2014). In this work we adopted a com-
pletely random distribution of obliquities for simplicity,
but more data and improved modeling might be able to
constrain f(ψini) in the context of this scenario. Future
steps toward refining our model could include taking ac-
count of stellar evolution and of the effect of dynamical
tides, incorporating an inner boundary condition that
represents the stellar magnetosphere into global mod-
els of planet formation and evolution to better predict
the properties of SHJs, and reconciling the SHJ forma-
tion picture with the observed distribution of lower-mass
planets (e.g., Mandell et al. 2007; Fogg & Nelson 2007).
The clearest observational prediction of this model is
the occurrence of highly misaligned HJs with Porb .
2 days around very young stars, but finding such ob-
jects could be rather challenging (e.g., Miller et al. 2008;
Crockett et al. 2012). There is at present only one
claimed detection of a short-period (Porb ≈ 0.45 days),
Jupiter-mass planet around a pre-MS (∼ 3Myr), low-
mass star (van Eyken et al. 2012), and it has, in fact,
been inferred to be highly misaligned (λ ∼ 70◦); how-
ever, the true nature of this object is still being debated
(e.g., Ciardi et al. 2015 and references therein).
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Rasio, Seth Teitler, Francesca Valsecchi, and Joshua
Winn for fruitful discussions. This work was supported
in part by NASA ATP grant NNX13AH56G.
REFERENCES
7 One possible explanation of the observed excess — if indeed
it is significant — is that it arises from the action of the {10}
component of the dynamical tide induced by surviving HJs, which
has been neglected in our treatment (see Xue et al. 2014).
8 The decrease of P∗ with increasing Mp was noted in the case
of cool stars by Dawson (2014); however, as the data shown in
Albrecht, S., Winn, J. N., Johnson, J. A., et al. 2012, ApJ, 757, 18
Bate, M. R., Lodato, G., & Pringle, J. E. 2010, MNRAS, 401,
1505
Batygin, K. 2012, Nature, 491, 418
Figure 2 suggest, it also characterizes hot stars.
Early Stellar Ingestion of Planets 5
0 30 60 90 120 150 180
λ [degrees]
0.00
0.01
0.02
0.03
0.04
0.05
pr
ob
. d
is
t. 
fu
nc
tio
n G STARS
all planets
initial
final
0 30 60 90 120 150 180
λ [degrees]
0.00
0.01
0.02
0.03
0.04
0.05
pr
ob
. d
is
t. 
fu
nc
tio
n G STARS
short-period planets
Porb < 5 d
initial
final
0 30 60 90 120 150 180
λ [degrees]
0.00
0.01
0.02
0.03
0.04
0.05
pr
ob
. d
is
t. 
fu
nc
tio
n G STARS
long-period planets
Porb > 5 d
initial
final
0 30 60 90 120 150 180
λ [degrees]
0
5
10
15
20
25
30
co
un
ts
G STARS
hot Jupiters
Mp > 0.5 MJ
Porb < 10 d
data
initial
final
0 30 60 90 120 150 180
λ [degrees]
1
10
M
p
 [M
J
]
G STARS
hot Jupiters
model
data
0.1
Ω ∗sini ∗ [rad/day]
1
10
M
p
 [M
J
]
G STARS
hot Jupiters
model
data
Fig. 1.— System properties in the cool-star model, as functions of either the projected obliquity λ or the projected stellar angular
velocity. The top panels include the entire range of planet masses and show the λ probability distribution for all the planets (top left) and
separately for those with Porb < 5 days (top middle) and Porb > 5 days (top right). The bottom panels show results for hot Jupiters only,
along with observational data taken from exoplanets.org: the lower left displays planet number counts and the other two the planet mass.
0 30 60 90 120 150 180
λ [degrees]
0.000
0.003
0.006
0.009
0.012
0.015
pr
ob
. d
is
t. 
fu
nc
tio
n F STARS
all planets
initial
final
0 30 60 90 120 150 180
λ [degrees]
0.000
0.003
0.006
0.009
0.012
0.015
pr
ob
. d
is
t. 
fu
nc
tio
n F STARS
short-period planets
Porb < 5 d
initial
final
0 30 60 90 120 150 180
λ [degrees]
0.000
0.003
0.006
0.009
0.012
0.015
pr
ob
. d
is
t. 
fu
nc
tio
n F STARS
long-period planets
Porb > 5 d
initial
final
0 30 60 90 120 150 180
λ [degrees]
0
2
4
6
8
10
co
un
ts
F STARS
hot Jupiters
Mp > 0.5 MJ
Porb < 10 d
data
initial
final
0 30 60 90 120 150 180
λ [degrees]
1
10
M
p
 [M
J
]
F STARS
hot Jupiters
model
data
0.1 1.0
Ω ∗sini ∗ [rad/day]
1
10
M
p
 [M
J
]
F STARS
hot Jupiters
model
data
Fig. 2.— Same as Fig. 1, but for the hot-star model.
Batygin, K., & Adams, F. C. 2013, ApJ, 778, 169
Beauge´, C., & Nesvorny´, D. 2012, ApJ, 751, 119
Ciardi, D. R., van Eyken, J. C., Barnes, J. W., et al. 2015, ArXiv
e-prints, arXiv:1506.08719
Cranmer, S. R., & Saar, S. H. 2011, ApJ, 741, 54
Crida, A., & Batygin, K. 2014, A&A, 567, A42
Crockett, C. J., Mahmud, N. I., Prato, L., et al. 2012, ApJ, 761,
164
Dawson, R. I. 2014, ApJ, 790, L31
Fabrycky, D., & Tremaine, S. 2007, ApJ, 669, 1298
Fabrycky, D. C., & Winn, J. N. 2009, ApJ, 696, 1230
Fielding, D. B., McKee, C. F., Socrates, A., Cunningham, A. J.,
& Klein, R. I. 2015, MNRAS, 450, 3306
Fogg, M. J., & Nelson, R. P. 2007, A&A, 472, 1003
Gallet, F., & Bouvier, J. 2013, A&A, 556, A36
Greaves, J. S., Kennedy, G. M., Thureau, N., et al. 2014,
MNRAS, 438, L31
He´brard, G., Ehrenreich, D., Bouchy, F., et al. 2011, A&A, 527,
L11
Herbst, W., & Mundt, R. 2005, ApJ, 633, 967
6 Matsakos & Ko¨nigl
Ida, S., & Lin, D. N. C. 2004, ApJ, 616, 567
Jackson, B., Barnes, R., & Greenberg, R. 2009, ApJ, 698, 1357
Johns-Krull, C. M. 2007, ApJ, 664, 975
Ko¨nigl, A. 1991, ApJ, 370, L39
Kraft, R. P. 1967, ApJ, 150, 551
Lai, D. 2012, MNRAS, 423, 486
—. 2014, MNRAS, 440, 3532
Lai, D., Foucart, F., & Lin, D. N. C. 2011, MNRAS, 412, 2790
Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996,
Nature, 380, 606
Long, M., Romanova, M. M., & Lovelace, R. V. E. 2005, ApJ,
634, 1214
Mandell, A. M., Raymond, S. N., & Sigurdsson, S. 2007, ApJ,
660, 823
Matt, S. P., Brun, A. S., Baraffe, I., Bouvier, J., & Chabrier, G.
2015, ApJ, 799, L23
Mazeh, T., Perets, H. B., McQuillan, A., & Goldstein, E. S. 2015,
ApJ, 801, 3
Meibom, S., Mathieu, R. D., Stassun, K. G., Liebesny, P., &
Saar, S. H. 2011, ApJ, 733, 115
Miller, A. A., Irwin, J., Aigrain, S., Hodgkin, S., & Hebb, L.
2008, MNRAS, 387, 349
Ogilvie, G. I. 2014, ARA&A, 52, 171
Rice, W. K. M., Armitage, P. J., & Hogg, D. F. 2008, MNRAS,
384, 1242
Rogers, T. M., & Lin, D. N. C. 2013, ApJ, 769, L10
Rogers, T. M., Lin, D. N. C., & Lau, H. H. B. 2012, ApJ, 758, L6
Spalding, C., & Batygin, K. 2014, ApJ, 790, 42
Teitler, S., & Ko¨nigl, A. 2014, ApJ, 786, 139
Thommes, E. W., Matsumura, S., & Rasio, F. A. 2008, Science,
321, 814
Trilling, D. E., Lunine, J. I., & Benz, W. 2002, A&A, 394, 241
Valsecchi, F., Rappaport, S., Rasio, F. A., Marchant, P., &
Rogers, L. A. 2015, ArXiv e-prints, arXiv:1506.05175
Valsecchi, F., & Rasio, F. A. 2014, ApJ, 786, 102
van Eyken, J. C., Ciardi, D. R., von Braun, K., et al. 2012, ApJ,
755, 42
Walkowicz, L. M., & Basri, G. S. 2013, MNRAS, 436, 1883
Watson, C. A., Littlefair, S. P., Diamond, C., et al. 2011,
MNRAS, 413, L71
Weiss, L. M., Marcy, G. W., Rowe, J. F., et al. 2013, ApJ, 768, 14
Winn, J. N., Fabrycky, D., Albrecht, S., & Johnson, J. A. 2010,
ApJ, 718, L145
Xue, Y., Suto, Y., Taruya, A., et al. 2014, ApJ, 784, 66
Youdin, A. N. 2011, ApJ, 742, 38
